Author contributions: Söderman J and Norén E contributed equally to this work; Söderman J and Almer S conceived of the study; Söderman J, Norén E and Almer S designed the study, contributed to data analysis and interpretation, and drafted the manuscript; Söderman J, Norén E, Christiansson M and Bragde H contributed to genotyping and sequencing; Hugot JP, Tysk C, O'Morain CA, Gassull M, Finkel Y, Colombel JF, Lémann M (deceased) and Almer S provided blood samples and patient data; Söderman J, Norén E and Thiébaut R performed the statistical analysis; Hugot JP participated in study design and coordination; all authors read and approved the final manuscript. Both CD and UC have been associated with an increase in intestinal permeability [9] [10] [11] . Based on findings of an increased intestinal permeability among healthy firstdegree relatives to CD patients, a role for a tight junction (TJ) based genetic contribution to permeability changes has been suggested as a predisposing susceptibility factor for CD [12] . This suggestion has been contradicted by other studies [13] [14] [15] . However, by defining a normal range of intestinal permeability in healthy controls, a subgroup of healthy first-degree relatives to CD patients with increased intestinal permeability has been identified [16] . An increased permeability response to acetylsalicylic acid has been observed in CD patients and their relatives, indicating hereditary factors underlying this responsiveness [14] . An increased permeability may be primary or a consequence of subclinical intestinal inflammation present as an inherited abnormality in relatives of CD-patients [17] . It is still unknown whether this disturbed permeability is caused by genetic or environmental factors, but several studies provide support for a genetic rather than environmental induced increase [18, 19] . The barrier of epithelial cells, with their apical TJstructure, is critical for the permeability properties of the intestine. The TJ-structure is a multicomponent protein complex that serves to seal and regulate permeability across the paracellular space between adjacent epithelial cells, with the family of membrane-spanning claudinproteins as the major determinants [20, 21] . Claudin-1 and claudin-4 have been associated with a tight TJ-structure whereas claudin-2 expression results in a more leaky epithelial layer [22] [23] [24] . Expressions of claudins, and other TJ-proteins, are subject to regulation by different cytokines [20] . Claudin-4 seems to be preferentially expressed in M-cells [25] and the dome area of the follicle-associated epithelium [26] , which has been suggested to be the site of initial inflammation in ileal CD [27] . Our aim was to elucidate a possible genetic influence of tight junction-components to IBD-susceptibility and therefore we conducted genetic association studies using single nucleotide polymorphism (SNP) markers of the genetic regions of claudin 1 (CLDN1, chromosome 3q28-q29), claudin 2 (CLDN2, chromosome Xq22.3-q23) and claudin 4 (CLDN4, chromosome 7q11.23). Furthermore, in order to identify putative functional sequence variants of CLDN2, the promoter region, exon-intron boundaries and exons harbouring the 5' untranslated region and protein coding region were amplified and resequenced.
Both CD and UC have been associated with an increase in intestinal permeability [9] [10] [11] . Based on findings of an increased intestinal permeability among healthy firstdegree relatives to CD patients, a role for a tight junction (TJ) based genetic contribution to permeability changes has been suggested as a predisposing susceptibility factor for CD [12] . This suggestion has been contradicted by other studies [13] [14] [15] . However, by defining a normal range of intestinal permeability in healthy controls, a subgroup of healthy first-degree relatives to CD patients with increased intestinal permeability has been identified [16] . An increased permeability response to acetylsalicylic acid has been observed in CD patients and their relatives, indicating hereditary factors underlying this responsiveness [14] . An increased permeability may be primary or a consequence of subclinical intestinal inflammation present as an inherited abnormality in relatives of CD-patients [17] . It is still unknown whether this disturbed permeability is caused by genetic or environmental factors, but several studies provide support for a genetic rather than environmental induced increase [18, 19] . The barrier of epithelial cells, with their apical TJstructure, is critical for the permeability properties of the intestine. The TJ-structure is a multicomponent protein complex that serves to seal and regulate permeability across the paracellular space between adjacent epithelial cells, with the family of membrane-spanning claudinproteins as the major determinants [20, 21] . Claudin-1 and claudin-4 have been associated with a tight TJ-structure whereas claudin-2 expression results in a more leaky epithelial layer [22] [23] [24] . Expressions of claudins, and other TJ-proteins, are subject to regulation by different cytokines [20] . Claudin-4 seems to be preferentially expressed in M-cells [25] and the dome area of the follicle-associated epithelium [26] , which has been suggested to be the site of initial inflammation in ileal CD [27] . Our aim was to elucidate a possible genetic influence of tight junction-components to IBD-susceptibility and therefore we conducted genetic association studies using single nucleotide polymorphism (SNP) markers of the genetic regions of claudin 1 (CLDN1, chromosome 3q28-q29), claudin 2 (CLDN2, chromosome Xq22.3-q23) and claudin 4 (CLDN4, chromosome 7q11.23). Furthermore, in order to identify putative functional sequence variants of CLDN2, the promoter region, exon-intron boundaries and exons harbouring the 5' untranslated region and protein coding region were amplified and resequenced.
MATERIALS AND METHODS

Study subjects
The IBD-families in this study originated from the large European collaboration that lead to the discovery of NOD2/CARD15 as a CD susceptibility gene [5, 28] . Swedish IBD-patients were selected for inclusion in a case-control study, whereas the remaining non-Swedish families were used in a family based genetic association study (Table 1) . Samples from an anonymized regional DNA bank con-
INTRODUCTION
Chronic inflammatory bowel disease (IBD) encompasses Crohn's disease (CD), ulcerative colitis (UC) and, in the absence of a confident diagnosis, unclassified colitis (IBD-U). Susceptibility to IBD and the broad spectrum of phenotypic expressions depends on contributions from environmental factors and a genetic predisposition. Several etiological factors have been suggested, including the presence of specific strains of commensal enteric bacteria, defective bacterial killing, aberrant regulation of innate and adaptive immune responses and an impaired intestinal barrier [1] . Consistent with this, several genetic associations in IBD have been described [2] [3] [4] [5] [6] [7] [8] .
sisting of randomly selected individuals (n = 800) living in the southeastern part of Sweden were used as controls in the case-control studies. The study was conducted under approval by the ethics committees of Linköping University (DNR 97271) and Karolinska Institutet (DNR 97-327).
SNP selection for genetic association studies
Linkage blocks were defined using SNP data from the HapMap CEPH collection and the SNPbrowser software version 3.5 (Applied Biosystems, Foster City, CA, United States) and a default value of 0.3 linkage disequilibrium units (LDU) [29] . SNP markers were selected for CLDN1, CLDN2 and CLDN4 (Table 2) . A distance less than 1 LDU has been considered useful for allelic association [30] . SNP markers were also chosen from adjacent linkage blocks.
Genotyping
Allele discrimination was carried out using TaqMan SNP genotyping assays (Table 2) and TaqMan Genotyping Master Mix or TaqMan Fast Universal polymerase chain reaction (PCR) Master Mix without AmpErase UNG (Applied Biosystems), using either a 7300 Real-Time PCR System or a 7500 Fast Real-Time PCR System (Applied Biosystems). All genotype data were analyzed using the 7500 Fast System SDS Software version 1.3.1.21 (Applied Biosystems).
In addition, a nonsynonymous coding SNP in MORC4 (rs6622126; Applied Biosystems assay ID C_22273025_10) and two novel CLDN2 SNP markers (this study; rs62605981 and rs72466477) were genotyped. The two novel CLDN2 sequence variants were ordered as custom assays from Applied Biosystems. Primer and probe sequences are available from the authors upon request.
Resequencing of CLDN2
The promoter region, exon-intron boundaries and exons harbouring the 5' untranslated region and protein coding region of CLDN2 were amplified by PCR and resequenced ( All PCR products were purified in accordance with the QIAquick PCR purification kit protocol (Qiagen), and analyzed using the DNA 1000 assay on the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). Cycle sequencing was carried out using the CEQ8800 system and accompanying sequencing reagents from Beckman Coulter (Fullerton, CA, United States) and conducted using half concentrated CEQ DTCS quick start kit, purification with an ethanol-precipitation protocol. Sequence data were analyzed with the heterozygote detection option activated in the software (version 8.0.52) and relative a reference sequence. New sequence variants were deposited in the NCBI SNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/) and provided with rs-numbers.
Prediction of transcription factor binding sites
Transcription factor binding sites were predicted using the Alibaba 2.1 software [31] available through Biobase (www.gene-regulation.com), in conjunction with the Transfac database public release version 7.0 [32] at Biobase.
Statistical analysis
Allelic OR with accompanying 95%CI, and P values based on χ 2 statistics were calculated using a likelihoodbased analysis for genetic association with the Unphased software version 3.0.13 [33] , both in the case-control approach and in the family-based study. In order to avoid bias due to genetic relatedness in the case-control study, one case per family was randomly selected from 191 Swedish IBD families. These random samplings of cases were repeated 15 times and the median OR was used as a representative measure of association. The case-control studies with respect to IBD, CD and UC were based on 191, 103 and 102 cases of IBD, CD, and UC, respectively, and 333 controls. No deviations from Hardy-Weinberg equilibrium were observed.
Since CLDN2-MORC4 are located in a non-pseudoautosomal region of the X-chromosome, males contribute one allele and females two alleles. Because the analysis did not identify sex as a confounder, males and females were analyzed jointly. Association to clinical features was tested for using a chi-square test for qualitative variables and one way ANOVA for quantitative variables, and carried out using the GraphPad Prism 4 software (GraphPad Software, La Jolla, CA, United States). For all statistical (rs8629; C allele frequency of 0.772 among controls), neither to IBD, CD nor UC.
Genetic association -family-based approach
The same three SNP markers were further investigated using a family-based approach in non-Swedish families ( Table 4 ). The significant associations identified in the case-control study were not confirmed (P = 0.126 and P = 0.177 for the CLDN2 and CLDN1 marker, respectively). The CLDN2 marker rs12014762 was not related to any demographic or disease characteristics in CD-patients (Table 5) .
Resequencing of CLDN2
Based on the most significant association (CD and the CLDN2 marker), CLDN2 was chosen for resequencing in an approach to identify novel sequence variants of putative importance for the risk of developing CD. Two novel non-coding sequence variants were identified for tests, two-sided P values < 0.05 were considered significant. Correction for multiple testing was not performed.
RESULTS
Genetic association -case-control approach
Based on a subset of Swedish IBD patients (73, 39 and 42 individuals with IBD, CD or UC, respectively) one marker per gene was selected for analysis in the full study material (Table 2) . Allelic association between any of the three markers for the genetic regions of CLDN1, CLDN2 or CLDN4 and patients with IBD, CD or UC were investigated using a case-control study approach (Table 4 ). Significant associations were observed between the CLDN2 marker (rs12014762; associated C allele frequency of 0.776 among controls) and CD (P = 0.007), and the CLDN1 marker (rs7620166; associated T allele frequency of 0.470 among controls) and IBD (P = 0.025).
No associations were observed for the CLDN4 marker Initially all of the selected single nucleotide polymorphism (SNP) markers were evaluated, using the Hapolview software 4.0 [52] , for linkage disequilibrium (LD) and association to inflammatory bowel disease (IBD) in a case-control study using a subset of Swedish IBD patients (73, 39 and 42 individuals with IBD, Crohn's disease (CD) or ulcerative colitis, respectively). Because of significant associations to CD, SNP markers for claudin (CLDN)1 (rs7620166) and CLDN2 (rs12014762) were chosen for further evaluation on the complete case-control. Even though non of the CLDN4 SNP markers showed evidence of association to any of the disease categories rs8629 was included for further evaluation; 2 CLDN2 (Table 6) .
Prediction of transcription factor binding sites in the CLDN2 promoter and analysis of genetic association to the newly identified sequence variants
The two novel CLDN2 polymorphisms were located in a region corresponding to the CLDN2 promoter, as described by Sakaguchi et al [34] Analyzing the promoter region of CLDN2 for the presence of possible transcription factor binding sites, revealed that these new variants were located in a putative specificity protein 1 (Sp1) binding site/GC-box (rs62605981) and a putative upstream stimulatory factor (USF) binding site/E-box (rs72466477). The genotyping results of these two novel SNPs were based on 166, 89 and 89 cases of IBD, CD and UC, respectively, from the Swedish families and their 333 non-related controls (Table 1) . Neither rs62605981 (C allele frequency of 0.860 among controls) nor rs72466477 (AT allele frequency of 0.842 among controls) showed any significant associations to IBD overall or to any subentities (Table 7) .
MORC4 and genetic association
In addition to CLDN2, MORC4 is located on the same linkage block as the CD associated marker (rs12014762). A nonsynonymous coding SNP (rs6622126) was identified in the MORC4 gene using the NCBI SNP database, for which a high minor allele frequency (A allele = 0.440) was present in the non-related Swedish control samples. This SNP was investigated for genetic association to IBD overall and to sub-entities, using the same individuals as used for the two novel CLDN2 variants. A significant association was observed between the G allele (frequency of 0.560 among controls) and CD (P = 0.018), but not to UC or IBD (Table 7) .
DISCUSSION
TJ proteins are considered key components in the regulation of paracellular permeability of both epithelial and endothelial cell linings [20, 21] , and due to their barrier-forming properties we considered claudin genes as candidate genes affecting a leaky gut phenotype of IBD.
Using the case-control approach, an association was identified between the CLDN2-MORC4 region (rs12014762) and the occurrence of CD. This SNP marker was associated with an overall increased risk of having CD, but not to any distinctive phenotypic pattern. This association was not confirmed in the family-based approach, where non-Swedish families were included. Such a regional heterogeneity may in part be explained by different genetic backgrounds. Substantial genetic heterogeneity due to geographic stratification has been demonstrated in genome-wide association studies [6] . A geographically homogenous population (this study) should be advantageous for unveiling regionally restricted genetic risk factors. The case of underrepresented NOD2 mutations in CD patients from the Nordic countries [35] [36] [37] together with our data on the presence of CLDN2 vari- ants in Swedish patients add support for such an assumption taking into account that IBD, and especially CD, are polygenic disorders [2, 3] . When we investigated a possible interaction between NOD2 and the CLDN2-MORC4 region (rs12014762) with individuals stratified on the basis of carrying none or at least one NOD2 mutant allele, no significant association was identified between these two genetic regions (data not shown).
Both CD and UC have been associated with an increase in intestinal permeability [9] [10] [11] . Experimental data reveal an altered expression of claudin-2, and other claudin proteins, in the intestinal epithelium of IBD patients, and such alterations affect the permeability characteristics [38] . Claudin-2 expression was increased in a cell culture of human colonic epithelial cells (HT-29/B6) in response to tumor necrosis factor-α (TNF-α) [38] , a finding consistent with an increased expression of claudin-2 in the inflamed epithelium of CD patients [38, 39] . Using another human colonic epithelial cell line (T84), Prasad et al [39] demonstrated an increase both in paracellular permeability and claudin-2 expression in response to interleukin-13, but not in response to interferon-γ/TNF-α treatment.
Within the resequenced parts of CLDN2 we identified two novel polymorphisms in the promoter region. These two sequence variants were located in different putative transcription factor binding sites, a Sp1 binding site/GC-box (rs62605981) and an USF binding site/E-box (rs72466477). It has been shown that the CLDN2 transcription is affected by several transcription factors [34] , and both E-box binding [40] [41] [42] and Sp1 binding site [43, 44] transcription factors have been identified as important determinants of claudin gene expression. However, neither of the two novel promoter variants were associated to CD.
MORC4 is present on the same linkage block as CLDN2 and the CD associated marker (rs12014762). It is therefore possible that the C allele of rs12014762 is a marker for a functional variant of MORC4 that results in an increased overall risk of developing CD. A significant association was observed between CD and the G allele of the nonsynonymous coding SNP in the MORC4 gene (rs6622126), resulting in a substitution of the more hydrophobic amino acid isoleucine at position 473, located immediately outside the region predicted to be a zinc finger (420-472), with threonine.
MORC4 encodes a member of the MORC family of CW-type zinc finger proteins, which contain a number of predicted domains and motifs suggestive of being transcription factors [45] . MORC4 exhibits a low-level mRNA expression in a variety of normal tissues, including the intestine. Using the SKI-like protein as bait in a two-hybrid screen, MORC4 has been identified as a putative interacting protein, linking MORC4 to the transforming growth factor-β (TGF-β) signaling pathway and the SMAD family of signal transduction proteins [46] . Increased intestinal expression of TGF-β has been observed in patients with CD [47] and, in monolayers of intestinal epithelial cells, TGF-β has been shown to preserve or enhance the paracellular barrier [48, 49] . These two findings seem to contradict the increased intestinal permeability that has been associated to both CD and UC [9] [10] [11] . Possibly a genetic variant in the CLDN2-MORC4 region could disturb a TGF-β mediated signal that preserves or enhances the paracellular barrier, or exert an effect on CLDN2 expression that dominates a TGF-β mediated effect on paracellular permeability. In addition, a SMAD4-dependent, but TGF-β-independent, repression of CLDN1 transcription [50] and a ZEB2-mediated repression of CLDN4 [42] support a role for the SMAD signal transduction pathway in the regulation of claudin genes.
An increased intestinal permeability has been associated with the CD susceptibility allele CARD15 3020insC [18] , and TJ associated genes have been suggested as suscepti- (Table 1) . OR (and its associated 95%CI) and P values (based on log likelihood ratio chi-square statistics) were calculated for the C allele of rs62605981, the AT allele of rs72466477, and the G allele of rs6622126. CLDN: Claudin.
bility genes for UC (e.g., GNA12 [2] ) and for both UC and CD (MAGI2 [51] ).
In conclusion, our findings add further support for a genetically impaired intestinal epithelial barrier as one predisposing factor in the etiology of CD, either directly through CLDN2 or indirect via a tentative link between MORC4, TGF-β/SMAD signalling and an effect on paracellular permeability. This putative genetic link between the CLDN2-MORC4 region, intestinal epithelial integrity and the risk of developing CD needs to be further explored.
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Background
For chronic inflammatory bowel disease (IBD) -Crohn's disease (CD), ulcerative colitis -a number of studies have demonstrated a substantial genetic predisposition. These inflammatory conditions have been associated with an increased intestinal permeability. Consistent with the phenotype of these diseases, several genetic association studies have implicated mainly components of the immune response, but also factors implicated in intestinal permeability. In order to further investigate intestinal permeability as a predisposing genetic risk factor for IBD, the authors have conducted genetic association studies on claudin genes (CLDN1, CLDN2 and CLDN4), key components in the regulation of permeability.
Research frontiers
Although large-scale genome-wide association studies have uncovered a large number of genetic susceptibility loci in relation to IBD these factors still explain only a minority of the total genetic risk for IBD. The genetic background regulating intestinal barrier functions largely remains unknown.
Innovations and breakthroughs
The barrier of epithelial cells is critical for the permeability properties of the intestine. The tight junction structure is a multicomponent protein complex that serves to seal and regulate permeability across the space between adjacent epithelial cells, with significant contribution from members of the claudin family. This is the first study to report genetic link between claudin gene (CLDN2) and the risk of developing CD.
Applications
In this study the authors have identified a genetic link between the CLDN2-MORC4 region and the risk of developing CD, and thereby highlighted claudins as therapeutic targets.
Terminology
The tight junction structure is critical for the permeability properties of the intestine. The structure is a multicomponent protein complex that serves to seal and regulate permeability across the paracellular space between adjacent epithelial cells.
Peer review
This is a small study on the importance of claudins (CLDN1, CLDN2 and CLDN4) in Swedish and non-Swedish case-control and family-based approach. A weak suggestive association was reported in the case-control setting, while this was not replicated in the non-Swedish sample. The paper is interesting and well written: its main limitation lies in the study design, comparing Swedish and non-Swedish individuals using two different approaches.
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